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The rearrangement of chromosomes inside the meiotic nucleus is accompanied by a dynamic motion of the chromosomes and/or nucleus (Hiraoka & Dernburg, 2009; Koszul & Kleckner, 2009) . The chromosome motion during meiotic prophase I is conserved across yeast and mammalian organisms and has been well described in fission yeast (Chikashige, Haraguchi, & Hiraoka, 2007) . In the premeiotic zygotic stage of the yeast, all telomeres are attached to NE and tethered to the spindle pole body (SPB), a yeast equivalent of the centrosome, which is embedded in NE. Upon entry into meiosis, a whole nucleus oscillates from one end to the other in a cell. This nuclear oscillation is driven on cytoplasmic microtubule cables, along which SPB moves together with clustered telomeres. This telomere/SPB-led oscillation of a nucleus indirectly promotes the pairing of homologous loci on chromosomes. Although less coordinated, dynamic chromosome motion during prophase I has been reported in budding yeast, nematode, maize and mouse (Lee et al., 2015; Penkner et al., 2009; Sato et al., 2009; Sheehan & Pawlowski, 2009) . In these organisms, chromosome motion is associated with the clustering of telomeres tethered to NE.
A key component of meiotic chromosome motion is a protein ensemble embedded in NE, which connects chromosome ends, thus telomeres, with the cytoskeleton (Burke, 2018; Hiraoka & Dernburg, 2009; Starr, 2009 ). The protein machinery in NEs contains an inner nuclear membrane (INM) protein with the conserved SUN (Sad1/UNc-84) domain. SUN domain proteins bind to an outer nuclear membrane (ONM) protein with the KASH (Klarsicht, ANC-1, SYNE1 Homology) domain in the lumen region between INM and ONM. SUN domain proteins also interact with proteins in the nucleoplasm, including telomere-binding proteins, and nucleoskeletons such as lamin. KASH domain proteins bind to the cytoskeleton on a cytoplasmic region on ONM. This connected protein ensemble is referred to as LINC (linker of nucleoskeleton and cytoskeleton) complex. For chromosome motion during meiotic prophase I, the LINC complex transmits cytoskeleton-driven forces to the telomeres and thus to chromosomes. The LINC complex also plays a role in nuclear positioning and migration in somatic cells (Hieda, 2017) .
In Saccharomyces cerevisiae, telomeres are often tethered to NEs as a cluster containing several telomeres during mitosis (Klein et al., 1992) . When meiosis is induced, clustered telomeres begin movement on NE, probably after DNA replication. These telomere clusters are sometimes gathered to an NE region near the vicinity of SPB during prophase I although local gathering of telomeres on NE is very unstable (Trelles-Sticken, Loidl, & Scherthan, 1999) . Telomere movement on NE drives chromosome motion inside the nucleus, referred to as rapid prophase movement (RPM; Conrad et al., 2008; Koszul & Kleckner, 2009; Scherthan et al., 2007) . Rapid prophase movement culminates in pachytene stage, whereas the clustering of telomeres is prominent in the zygotene. At least three distinct regulatory steps are involved in the RPM in the budding yeast meiosis. First, proteins critical for the motion such as Ndj1 and Csm4 are expressed specifically during meiosis. Ndj1 is a meiosis-specific telomere-binding protein necessary for telomere tethering to NEs (Chua & Roeder, 1997; Conrad, Dominguez, & Dresser, 1997) , whereas Csm4 is probably an NE protein, which plays an essential role during motion (Conrad, Lee, Wilkerson, & Dresser, 2007; Wanat et al., 2008) . Second, the formation of actin cables is specifically induced in the cytoplasm during meiotic prophase I (Koszul, Kim, Prentiss, Kleckner, & Kameoka, 2008; Taxis et al., 2006) . The cytoplasmic actin cables drive RPM through the binding to yeast LINC complex containing Mps3/Nep98 (hereafter, Mps3 for simplicity), which is bound to Ndj1 (Conrad et al., 2008; Koszul & Kleckner, 2009; Scherthan et al., 2007) . Finally, NE remodeling, which is accompanied by NE localization of a yeast SUN domain protein, Mps3, occurs prominently in meiotic prophase I (Conrad et al., 2007) . In mitotic cells, Mps3 predominantly localizes to SPB as a component of the half-bridge adjacent to SPB and plays an essential role in SPB duplication (Jaspersen, Giddings, & Winey, 2002; Nishikawa et al., 2003) . During meiosis, in addition to SPB, Mps3 localizes to NE and forms several distinct foci on NE with later dispersive localization around NE (Conrad et al., 2007) . However, how meiosis-specific Mps3 localization on NE is regulated is poorly understood.
In this paper, we show that a meiosis-specific cohesin component, Rec8 (Kim et al., 2010; Klein et al., 1999) , which is essential for the connection between sister chromatids, promotes NE localization of Mps3. During meiosis, Mps3 binds to Rec8. Ectopic expression of Rec8 in mitotic yeast cells is enough to induce NE localization of Mps3. This localization requires a cohesin regulator, WAPL, Rad61/ Wpl1, in the yeast, and N-terminus nucleoplasmic domains of Mps3. These indicate that Rec8-cohesin is a key regulator of Mps3 localization on NE during meiosis. We suggest that chromosomes are a key regulator for NE remodeling during meiosis.
| RESULTS
| Meiosis-specific cohesin component,
Rec8, binds to Mps3
To identify factors which regulate Mps3 localization and/ or dynamics on NE during meiosis, we looked for proteins bound to Mps3 in meiotic cells by immuno-affinity purification of Mps3-FLAG protein from both mitotic and meiotic yeast cells of S. cerevisiae, followed by mass spectrometry identification ( Figure 1a and Supporting information Table | Genes to Cells BOMMI et al. 
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). The MPS3-3FLAG gene was replaced with an endogenous MPS3 gene. Thus, Mps3-FLAG is only a functional protein in a cell and shows normal localization on both SPB and NE during both mitosis and meiosis (Conrad et al., 2007; Rao, Shinohara, & Shinohara, 2011) . Purified Mps3-FLAG protein from mitotic and meiotic cells binds to a different set of proteins ( Figure 1b and Supporting Information Table  S2 ). When categorized based on subcellular localization (yeast genome database; https://www.yeastgenome.org), proteins in the nuclear periphery/nuclear envelope, endoplasmic reticulum and mitochondria are enriched as proteins showing meiosis-specific binding to Mps3 more than other classes (ones bound in both mitosis and meiosis; ones with decreased binding during meiosis). Among known Mps3-interacting proteins, we recovered Htz1, a histone H2.AZ (Gardner et al., 2011) , from both mitotic and meiotic cells, and Ndc1, an INM protein (Onischenko, Stanton, Madrid, Kieselbach, & Weis, 2009) , from meiotic cells. We could not recover Ndj1 and Csm4, which show meiosis-specific binding (Conrad et al., 2008; Kosaka et al., 2008) , or Mps2, a half-bridge protein (Jaspersen et al., 2006) . As a Mps3-interacting protein, Pom152, a component of the nuclear pore complex (NPC), some of whose mutations show genetic interaction with mps3 mutations during mitosis (Onischenko et al., 2009) , was recovered from meiotic cell lysates at 5 hr. In addition, two components of cohesin (Marston, 2014) , Pds5 and Smc3, as well as a meiosis-specific kleisin, Rec8 (Klein et al., 1999) , were identified from meiotic cells. We also detected meiosis-specific interaction of Cdc5 Polo-like kinase (PLK), which is known to bind to Rec8 (Katis et al., 2010) , with Mps3-FLAG. To confirm the interaction of Mps3 with the meiosis-specific cohesin complex, we immunoprecipitated Mps3-FLAG protein at different time points after the induction of meiosis and checked the presence of Rec8 (Figure 1c) . In addition to Njd1-HA (Conrad et al., 2008) , Rec8 was recovered in the Mps3-FLAG immunoprecipitate fractions in meiotic cells from early prophase I. The binding of Mps3 to Rec8 starts from 3 hr and increases by 6 hr, after which meiosis I chromosome segregation starts, while the binding to Ndj1 peaks at 4 hr. This indicates that Mps3 interacts with Rec8, possibly meiosis-specific cohesin, during prophase I. We note that immunoprecipitated Rec8 moved faster on a gel than that in whole-cell extracts. Rec8 is highly phosphorylated by multiple kinases, which plays a role in cohesin dynamics during prophase I (Attner, Miller, Ee, Elkin, & Amon, 2013; Brar et al., 2006; Katis et al., 2010) . Our results suggest that Rec8 phosphorylation might not affect the binding to Mps3.
| Rec8 is required for proper Mps3 dynamics during meiosis
Previous studies have shown that the rec8 deletion mutant accumulated clustered Rap1 (telomeres) on NE during meiosis (Conrad et al., 2007; Trelles-Sticken, Adelfalk, Loidl, & Scherthan, 2005) . Recently, we showed that the rec8 deletion mutant accumulated Mps3 clusters during prophase I (Challa, Lee, Shinohara, Kim, & Shinohara, 2016) . These indicate a defect in the resolution of the telomere clustering the rec8 mutant. To know the role of Rec8 in Mps3 localization and/or dynamics, we reanalyzed the localization dynamics of green fluorescence protein (GFP)-fusion protein of Mps3 (Mps3-GFP) in the rec8 deletion mutant as well as wild-type cells. During wild-type meiosis, Mps3-GFP showed different staining patterns (Figure 1d ,e; also see Figure 3d ). In the SK1 strain background, Mps3-GFP predominantly shows a single-focus staining with little NE staining in mitotic cells (Conrad et al., 2007; Rao et al., 2011) . After the induction of meiosis, from 3 hr, a few foci of Mps3 start to appear on NE and the number of Mps3 foci/ patches increases during prophase I (Figure 1d ). During the period, Mps3 foci transiently form a cluster on NE. In the end of prophase I, Mps3 foci/patches are fully covered on entire NEs. However, upon the onset of meiosis I, most of Mps3 signals on NE including foci/patches disappeared, leaving two foci of Mps3, which corresponds with SPB (Li et al., 2017) . At early points of meiosis, the rec8 mutant forms a few Mps3 foci on NE, but later accumulates a big cluster containing multiple foci/patches of Mps3. We speculate that the rec8 mutant can form Mps3 ensembles on NEs, but shows a defect in its dynamics; the mutant cannot resolve clustered Mps3 foci/patches once clustered. F I G U R E 1 Mps3 binds to Rec8-cohesin. (a) Silver-stained SDS-PAGE gel for eluates of Mps3-FLAG affinity purification. Mps3-FLAG protein was purified from mitotic and meiotic cells with the MPS3-3FLAG gene (HKY404 at 0 and 5 hr after induction of meiosis, respectively) by immuno-affinity purification using anti-FLAG beads. (b) Classification of Mps3-binding proteins during mitosis and meiosis. Based on subcellular localization in the Gene Ontology (www.yeasegenome.org), Mps3-binding proteins identified by MS/MS analysis were classified into seven classes: nucleus, nuclear envelope, ER, Golgi, cytoplasm, mitochondria and others (vacuole, endosome, plasma membrane, etc.). (c) Western blotting analysis of Mps3-FLAG immunoprecipitation. Both IP fractions (right) and whole-cell lysates (WCE; left) were probed with anti-FLAG, anti-Rec8 and anti-HA (for Ndj1-HA) antibodies. Rec8 shows multiple bands in WCE due to phosphorylation. HKY404 was used for meiotic time course. (d, e) Localization of Mps3 during meiosis was analyzed in wild-type MPS3-GFP diploid (PRY64), rec8 MPS3-GFP (KSY271/272) and rec8-29A MPS3-GFP (BJY531/532) cells. Representative GFP image at each time point is shown. The color bars below the image show the classification of Mps3 localization patterns on NE: dark blue, single spot; light blue, a few Mps3 foci; green, multiple Mps3 foci/patches; orange, fully covered Mps3 foci/patches; and red, clustered Mps3 foci. In (e), kinetics of each Mps3 class in the three strains are shown | Genes to Cells
In other words, Rec8 is not required for NE localization of Mps3 per se but controls dynamics of Mps3 on NE.
We also checked the effect of a hypomorph allele of rec8, rec8-29A, which has substitutions of most of phosphorylated Ser/Thr residues on Rec8, and thus is defective in the phosphorylation (Brar et al., 2006; Katis et al., 2010) , on Mps3 dynamics during meiosis. The rec8-29A mutant showed delay of prophase I events (Brar, Hochwagen, Ee, & Amon, 2009; Yoon et al., 2016) , which is associated with a transient accumulation of Mps3 pattern (Figure 1e) . Importantly, the rec8-29A transiently accumulated Mps3 cluster in early prophase I compared to wild type, for example, 4 hr, which is similar to that in the mutant in a cohesin regulator, Rad61/Wpl1 (Challa et al., 2016) . This may suggest that the phosphorylation of Rec8 does not play a critical role in normal Mps3 localization and/or dynamics during meiosis.
| Rec8 expression promotes Mps3 localization on nuclear envelope in mitotic cells
Given that Rec8 plays multiple functions during meiosis (Kim et al., 2010; Klein et al., 1999) , deletion and point mutants of rec8 showed pleiotropic defects in meiosis, which might affect Mps3 dynamics directly and/or indirectly. To simplify the interpretation on REC8 function on Mps3 localization, we wondered whether Rec8 expression in mitotic cells in which Rec8 is not essential (Klein et al., 1999) could affect the localization of Mps3. It is known that Mps3 exhibits different localization patterns in different strain backgrounds. Immunostaining of Mps3 and direct observation of GFP-fusion protein of Mps3 (Bupp, Martin, Stensrud, & Jaspersen, 2007; Conrad et al., 2007) reveal single-focus staining in the edge of a nucleus, which corresponds with the SPB localization of the protein in vegetative cells. In the SK1 strain background, Mps3-GFP predominantly shows a single-focus staining with little NE staining (see above). In contrast, the other strain such as W303 shows weak peripheral NE signal together with SPB focus (Bupp et al., 2007; Horigome, Okada, Shimazu, Gasser, & Mizuta, 2011) . Thus, to clarify NE localization of Mps3 in mitotic cells, we used SK1 diploid cells with Mps3-GFP and introduced a high-copy plasmid of YES2 with the REC8 gene under the GAL1/10 promoter, with which the addition of galactose to media induces Rec8 protein in a cell.
Induction of Rec8 protein by galactose was confirmed by Western blotting (Figure 2a) . Expression of Rec8 was initiated after 3 hr and peaked after 4 hr. Importantly, chromatin fractionation showed that the expressed Rec8 protein was mainly recovered in the chromatin fraction, as with histone H2B (Figure 2b) . Moreover, immunostaining of mitotic chromosome spreads reveals multiple-focus staining of Rec8 after the induction (Figure 2c ). After 6 hr of induction, 87.8% of spreads were positive for Rec8 staining; without induction, only 2.8% were positive. These findings indicate stable binding of Rec8 to mitotic chromosomes, suggesting that induced Rec8 is associated with mitotic chromatin, probably as a cohesin complex. Consistent with this indication, previous experiments investigating Rec8 expression instead of the mitotic kleisin, Scc1/Mcd1, showed that Rec8 is enough to mediate sister chromatid cohesion instead for Scc1 (Buonomo et al., 2000; Heidinger-Pauli, Unal, Guacci, & Koshland, 2008) .
Without Rec8 induction, as shown previously (Conrad et al., 2007; Rao et al., 2011 ), Mps3-GFP shows a single focus in a cell as a component of the half-bridge. Rec8 expression in mitotic cells induces the localization of Mps3 on NE together with SPB localization (Figure 2d ). Two types of Mps3 staining were seen after the induction. One was uniform perinuclear staining, similar to Mps3 localization on NE in the other strain background (Bupp et al., 2007) . The others were foci/patches of Mps3, which indicates the formation of a large protein ensemble containing multiple Mps3 molecules on NE (Figure 2d ). Mps3 patch or focus is very similar to those in meiotic cells (Conrad et al., 2007) . Thus, Rec8 is sufficient to promote the NE localization of Mps3. After the induction, the number of Mps3 patches was increased gradually through the induction (Figure 2d ). We observed that 28.7% ± 3.1% of cells after 6 hr of induction were positive for Mps3 NE localization ( Figure 2e , Supporting Information Figure S1a ,b), even though most of the cells incorporated Rec8 in chromatin. We also found that most of the cells with Mps3 localization on NE were large-budded (15 NE-positive/51 cells) or unbudded cells (5/25), rarely seen in small-budded cells (1/21, chi-square test, p < 0.001; Figure 2f ). These may suggest that Mps3 localization on NE by Rec8 might be partly cell cycle-regulated.
To confirm that the meiosis-specific kleisin, Rec8, is important for Mps3 dynamics, we checked the effect of over-expression of the mitotic kleisin, Scc1/Mcd1, from the GAL1/10 promoter on the plasmid. We observed only a twofold expression of Scc1 relative to the uninduced condition (Supporting Information Figure S1d) . Additionally, the over-expression of Scc1/Mcd1 did not induce Mps3 localization on NE (Supporting Information Figure S1e ,h), supporting the notion that meiosis-specific kleisin, but not mitotic kleisin, is capable of mediating NE localization of Mps3.
| Rec8-induced Mps3 NE localization requires a cohesin accessory protein, Rad61/ Wpl1
The above results suggest a role for the Rec8-cohesin complex in Mps3 NE localization. A previous study showed that Rad61/Wpl1, a WAPL ortholog and a nonessential component of the cohesin complex, promotes Mps3 localization on NE during meiosis (Challa et al., 2016) . We checked the effect of deletion of the RAD61/WPL1 gene on Rec8-induced Mps3 localization in mitotic cells ( Figure  2d ,e). The rad61/wpl1 deletion mutant significantly reduced Mps3 NE localization induced by Rec8 expression to 16.3% ± 1.5% at 6 hr, approximately half the levels observed in the wild type. The deletion of the RAD61/ WPL1 gene did not affect Rec8 over-expression ( Figure  2a , Supporting Information Figure S1c ). This indicates that Rad61/Wpl1 regulates Mps3 localization in mitosis and supports the idea that Rec8 promotes Mps3 localization on NE as a cohesin complex.
| Rec8-induced Mps3 NE localization requires N-terminus Mps3 regions
Previously, it was shown that the N-terminal domain located in nucleoplasm is essential for Mps3 NE localization in meiotic cells (Conrad et al., 2007) . We thus checked the effect of the deletion mutant of two domains, 2-64 and 65-145 amino acid residues of Mps3, called mps3-∆2-64 (N-terminal domain) and mps3-∆65-145 (acidic region), respectively (Figure 3a ; Conrad et al., 2007; Jaspersen et al., 2002; Lee, Conrad, & Dresser, 2012) . Ectopic expression of Rec8 was induced in mitotic diploid cells with Mps3-∆2-64-GFP or Mps3-∆65-145-GFP protein. Unlike the wild-type Mps3-GFP proteins, neither the Mps3-∆2-64-GFP nor Mps3-∆65-145-GFP proteins showed NE localization following Rec8 induction (Figure 3b, c) . The N-terminus deletion of Mps3 did not affect Rec8 over-expression (Supporting Information Figure S1g ). This indicates that both N-terminal nucleoplasmic domains of Mps3 are essential for its NE localization upon Rec8 expression in mitotic cells.
We also checked the localization dynamics of Mps3-∆2-64-GFP or Mps3-∆65-145-GFP during meiosis ( Figure  3d ,e). Consistent with the previous observation (Conrad et al., 2007) , Mps3-∆2-64-GFP stays as a single focus on SPB during meiotic prophase I, showing that region spanning 2-64 aa of Mps3 includes Ndj1-binding domain (Conrad et al., 2007) is critical for Mps3 NE localization during meiosis. And also, like Mps3-∆2-64-GFP, Mps3-∆65-145-GFP did not show any NE localization during meiosis. This indicates that not only the N-terminus Ndj1 binding region but also region 65-145 containing many acidic residues is also essential for Mps3 dynamics and localization on NE during meiotic prophase I.
| DISCUSSION
Mps3 shows drastic change in localization between mitosis and meiosis (Conrad et al., 2007) . In mitotic cells, Mps3 predominantly shows single-focus staining on NE, corresponding with the view that Mps3 is a component of "half-bridge," which is an NE structure residing next BOMMI et al. to SPB and is essential for SPB duplication and insertion to NE (Jaspersen et al., 2002 (Jaspersen et al., , 2006 Nishikawa et al., 2003) . When cells enter meiosis, together with SPB, Mps3 accumulates on NEs in a distinct ensemble (Conrad et al., 2007) . Mps3 localization on NE begins from the onset of meiosis and disappears around the onset of meiosis 
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I. Thus, Mps3 localization on NE is a prominent feature of the meiotic prophase I stage. In this study, we showed very dynamic change of Mps3 localization on NE ( Figure  1d ), which was not assigned well in the previous study (Conrad et al., 2007) . In early prophase I, possibly after meiotic DNA replication, Mps3 starts to localize on NE by forming a few foci. In mid-prophase I, it shows multiple foci/patches and transient clustering. During prophase I, the number of Mps3 foci/patches increases. In the late prophase I, Mps3 covers most of the NE. Mps3 localization on meiotic NE may induce the NE remodeling, which controls various functions of the NE as well as nucleus (Ungricht & Kutay, 2017) . Indeed, NE protein ensembles containing Mps3 protein known as SUN-KASH complex (or LINC) are critical for meiotic chromosome motion, which is mediated by actin cables in the cytoplasm Trelles-Sticken et al., 2005) and other meiosis-specific factors such as Ndj1 and Csm4. Importantly, the localization of Mps3 in late prophase I is different from that of Ndj1, which still shows multiple foci associated with telomeres (Conrad et al., 1997; Rockmill & Roeder, 1998) . It seems that Mps3 complexes on NE change protein composition through meiotic prophase I. In mid-prophase I, Mps3 binds to Ndj1 efficiently, whereas in late prophase I, it associates with Rec8 more than early stage, suggesting a differential role of Mps3 complex in distinct stages of prophase I. Deletion of either the NDJ1 or CSM4 genes and disruption of actin filaments by the actin-depolymerization agent latrunculin B do not affect NE localization of Mps3 during meiosis (Conrad et al., 2008; Kosaka et al., 2008 ) (H. B. D. P. Rao and A. Shinohara, unpublished results), indicating the presence of a novel pathway for the Mps3 localization on NE during meiosis. In this study, we found that Rec8, a component of meiosis-specific cohesin, is enough to facilitate Mps3 localization on NE in mitotic cells when expressed. The role of Rec8 for Mps3 NE localization might be mediated as a cohesin complex because the deletion of a cohesin regulator, Rad61/Wpl1, reduces the Rec8-dependent Mps3 localization on NE in mitotic cells. Additionally, mitotically expressed Rec8 is mainly recovered in chromatin fractions, indicating stable binding of Rec8 to chromatin, probably as a cohesin complex. This is consistent with previous results that mitotic expression of Rec8 can complement the function of Scc1/Mcd1 for the sister chromatid cohesion (Buonomo et al., 2000; Heidinger-Pauli et al., 2008) . However, at this point, we cannot rule out the possibility that Rec8 has a cohesin-independent role for Mps3 NE localization.
Interaction of Mps3 with Rec8 in meiotic cells supports the idea that Rec8 regulates the NE localization of Mps3. Interestingly, although the rec8 deletion mutant is defective in the resolution of Mps3 (and telomere) clustering during meiosis, the rec8 mutant is proficient in Mps3 localization on NE during meiosis. We detected early Mps3 foci in the mutant, and a big Mps3 cluster in the rec8 mutant seems to contain multiple Mps3 foci/patches. This is contradictory to results in mitotic cells with Rec8 expression. One possibility is that there might be other "meiosis-specific" control of NE localization of Mps3, which is redundant with Rec8 function. Thus, Rec8 may have dual functions on Mps3 dynamics during meiotic prophase I; one is for NE localization and the other is for the resolution of clustered Mps3-telomere ensembles on NEs. Indeed, the meiotic over-expression of mitotic kleisin, Scc1, in the rec8 mutant suppresses the resolution defect of telomere clustering (Trelles-Sticken et al., 2005) , suggesting that "cohesion" activity conferred by either Rec8 or Scc1 is critical for resolution of Mps3 clusters. It is noteworthy to mention that in mouse male meiosis, a knockout mouse for a meiosis-specific kleisin, Rad21L, accumulates telomere clustering at zygotene stage , which is reminiscent of the phenotype of the yeast rec8 mutant. Moreover, in mice, a knockout of a meiosis-specific cohesin component, Smc1β shows a partial defect in the localization of a mouse SUN domain protein, Sun1, which always locates on NE, to telomeres and in the dynamics of telomeres in meiocytes (Adelfalk et al., 2009) . A mouse meiosis-specific telomere protein, TERB1, binds to both Sun1 and cohesin . Thus, the functional collaboration of meiosis-specific cohesin with SUN domain protein localization seems to be conserved from yeast to mammals.
The biological significance of the interaction among meiosis-specific cohesin, SUN protein and telomeres largely remains unknown. These interactions might provide a chromosomal environment for meiosis-specific functions such as telomere-mediated chromosome motion. Our study described here cannot figure out a molecular mechanism on how yeast Rec8 and/or meiosis-specific cohesin promotes NE localization of Mps3 during mitosis. Rec8-cohesin is incorporated into interstitial sites on chromosome axes during both mitosis and meiosis. Thus, chromosome structure mediated by Rec8-cohesin might indirectly control the binding of telomeres to Mps3 protein by forming a specific chromosome structure with axis loop. Because recent ChIP-seq analyses revealed that Rec8 binds to most of budding yeast telomeres at similar levels to centromeres during meiosis (Ito et al., 2014; Sun et al., 2015) , it might be possible to postulate that telomere-enriched Rec8-cohesin might regulate the Mps3 localization. Mouse SUN-KASH complex shows the "figure-eight"-like arrangement of chromosome ends with tight association of two chromosome axes (Horn et al., 2013) . Cohesin-telomere association may promote the formation of the unique chromosome structure. Alternatively, chromatin-"unbound" Rec8-cohesin, free Rec8, may interact with Mps3 in a way to promote the NE localization. We should test whether Mps3 directly binds to Rec8 or not to address the question.
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We found that both two domains of Mps3 nucleoplasmic region are essential for Mps3 localization on NE in mitotic cells as well as meiotic cells. It is known that the region 1-64 is responsible for Ndj1 binding (Conrad et al., 2007) . Given Ndj1 is not expressed in mitotic cells, the role of the region 1-64 in NE localization of Mps3 in mitotic cells is not through Ndj1 binding. Indeed, it is known that Mps3 localized to NE in the absence of Ndj1 in meiotic cells (Conrad et al., 2007) . One simple idea is that Rec8 and/or Rec8-cohesin binds to these domains for the Mps3 localization. Moreover, we still need to analyze the role of the lumen regions of Mps3 including the SUN domain in the Rec8-dependent Mps3 localization on NE.
| EXPERIMENTAL PROCEDURES
| Strains and plasmids
All strains used here are derivatives of SK1 diploids, and genotypes are described in Supporting Information Table S3 .
| Antibodies
Antibodies used in this study are described in Supporting Information Table S4 . Anti-Rec8 (rabbit) was described (Zhu et al., 2011) . Anti-Scc1 antiserum was raised in guinea pig against recombinant Scc1, which was expressed in E. coli. Anti-Rec8 antiserum was also raised against recombinant Rec8 in guinea pig.
| Rec8 over-expression in mitotic yeast cells
Transformation of SK1 diploid cells with pYES2 vector and its derivative, pYES2-REC8 or pYES2-SCC1, was carried out by a lithium acetate technique. Transformants were selected on synthetic dextrose (SD) medium without uracil (-URA). The Ura + -positive transformants were cultured in 10 ml of SD (−Ura) medium supplemented with 2% of raffinose at 30°C overnight. For over-expression, the cells were inoculated to 100 ml SD media with 2% of raffinose and grown for 2 hr at 30°C. For the induction, galactose was added to a final 2% concentration. Collected samples at various time points were used for Western blotting and live cell imaging.
| Cytology
Immunostaining of chromosome spreads was carried out as described previously (Shinohara, Gasior, Bishop, & Shinohara, 2000) . Briefly, yeast spheroplasts were burst in the presence of 1% Lipsol and 2% of paraformaldehyde. Immunostaining of chromosome spreads was carried out as described previously (Shinohara et al., 2000) . Stained spreads were observed using an epifluorescence microscope (BX51; Olympus, Japan) with a 100X objective (NA1.3). Images were captured by CCD camera (CoolSNAP; Roper), and afterward processed using IPLab and/or iVision (Sillicon) and Photoshop (Adobe) software tools.
For GFP imaging, cells were placed on glass-bottom dishes (Matsunami) coated with 1% of concanavalin A (Sigma). Time-lapse images of Mps3-GFP on a single focal plane were captured using a computer-assisted fluorescence microscope system (DeltaVision; Applied Precision) as described (Rao et al., 2011) . The objective lens was an oil immersion lens (100×; NA, 1.35). Image deconvolution was carried out using an image workstation (SoftWorks; Applied Precision).
| Immuno-affinity purification
A total of ~5.0 × 10 9 cells in 250 ml yeast meiotic culture were collected and, after washing, suspended in 1.6 ml of lysis buffer (50 mM HEPES-KOH [pH 7.5], 300 mM KCl, 1 mM DTT, 0.05% Tween-20, 0.005% NP-40, 2 mM NaF, 0.4 mM Na 3 VO 4 , 0.5 mM Na-pyrophosphate, 2 mM -glycerophosphate, 10% glycerol) with 100 µg/ml BSA, and protease inhibitor cocktail (1% Sigma and 2X Roche), and disrupted with bead beater, Yasui Kikai disrupter. Lysates were collected and incubated with Sepharose 4B (GE Healthcare). The pre-treated lysates were then incubated with anti-FLAG (M2)-coated agarose (Sigma) beads for 5 hr. Beads were recovered and washed extensively with lysis buffer with the BSA. Beads were then incubated with lysis buffer containing 150 µg/ml 3XFlag peptide (Sigma) for 2 hr. The supernatant was recovered and subjected to SDS-PAGE followed by silver staining. Gel slices containing specific polypeptide bands were excised, destained and trypsinized for LC-MS/MS analysis. The LC-MS/MS analyses were carried out as described previously (Hayakawa et al., 2007) . Data from each LC-MS/MS analysis were assembled and analyzed by the proteome software Scaffold, and the number of assigned spectra from the Mascot Search is summarized in Supporting Information Table S1 .
| Immunoprecipitation (IP)
Yeast cell lysates were prepared by the glass bead disruption method with Yasui Kikai disrupter (Yasui Kikai Co. Ltd, Japan) in lysis buffer (50 mM HEPES-KOH [pH 7.5], 150 mM KCl, 1 mM DTT, 0.4 mM Na 3 VO 4 , 0.5 mM Na-pyrophosphate, 2 mM β-glycerophosphate, 20% glycerol). The lysates were incubated with magnetic beads (Dynal M260; GE Healthcare) coated with anti-Flag antibody for 12 hr and washed extensively. Bound proteins were eluted by adding the SDS sample buffer and were analyzed on an SDS-PAGE gel, transferred to a nylon membrane (Millipore Co. Ltd), and probed with specific antibodies.
|
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| Western blotting
Western blotting was carried out for cell lysates extracted by the TCA method. After being harvested and washed twice with 20% TCA, cells were roughly disrupted with glass beads by Yasui Kikai disrupter (Yasui Kikai Co. Ltd, Japan). Protein precipitation recovered by centrifuge at 16,000 g for 5 min was suspended in SDS-PAGE sample buffer adjusting to pH 8.8 and then boiled at 95°C for 2 min.
| Chromatin fractionation
Chromatin fractionation was carried out as shown previously (Kee, Protacio, Arora, & Keeney, 2004) . The cells were digested with 10 µg/ml Zymolyase 100 T (Nakarai Co. Ltd), and the spheroplasts were pelleted. The spheroplasts were resuspended in five volumes of hypotonic buffer (HB; 100 mM MES-NaOH [pH 6.4], 1 mM EDTA, 0.5 mM MgCl 2 ) supplemented with a protease inhibitor cocktail (Sigma). After 5 min, 120 µl of whole-cell extract (WCE) was layered onto 120 µl of 20% (W/V) sucrose in HB and centrifuged for 10 min at 16,000 g. The supernatants were saved and the pellets were resuspended in 120 µl EBX buffer (50 mM HEPESNaOH [pH 7.4], 100 mM KCl, 1 mM EDTA, 2.5 mM MgCl 2 , 0.05% Triton X-100) and centrifuged for 10 min at 16,000 g. The pellets were again collected and resuspended in EBX buffer with 5 units/ml DNase I (Takara) and 1 mM MgCl 2 for 5 min. The supernatants were saved as a chromatin fraction. The fractions were analyzed by Western blotting.
| Statistics
Means ± SD values are shown if not mentioned. Datasets were compared using the Mann-Whitney U test. Chi-square test was used for proportion.
